OBJECTIVE: Peroxisome-proliferator-activated receptor-alpha (PPARa) has a central role in lipid metabolism. Mice lacking PPARa accumulate hepatic fat and are prone to late onset obesity. Leptin, an adipocyte-derived hormone, also plays an important role in regulating energy balance. In order to test the hypothesis that leptin secretion increases in response to PPARa knockout, we determined leptin concentrations including the effect of nutritional status in male and female PPARa knockout mice compared with wild-type controls. DESIGN: We studied the effect of 16 h fasting and 4 h refeeding on plasma leptin concentrations in male and female wild-type and PPARa-knockout mice, aged 14 weeks. In female mice the effect of daily growth hormone (GH) injection on the leptin response to refeeding was determined. RESULTS: Circulating leptin concentrations were higher in female mice compared with males and increased in both sexes after PPARa-knockout. There was no change in leptin levels after a 16 h fast, compared with ad libitum feeding. However leptin increased with refeeding, to the greatest extent in female PPARa-knockout mice. Intermittent GH administration decreased leptin concentrations in female, wild-type and PPARa-knockout animals and abolished the exaggerated leptin response to refeeding. CONCLUSIONS: Leptin concentrations are increased in PPARa-knockout mice. There are gender differences in the leptin response to feeding which may be due to differences in insulin sensitivity.
Introduction
Peroxisome proliferator-activated receptor-alpha (PPARa) plays a central role in the metabolic response to fasting, regulating the transcription of genes involved in mitochondrial and peroxisomal b-oxidation. 1 Mice with a targeted disruption of the PPARa gene are reported to exhibit gender dimorphism in the patterns of obesity and fatty liver 2 and in survival after etomoxir-induced hypoglycaemia. 3 We have recently characterized the insulin-like growth factor (IGF)= IGF-binding protein (IGFBP) system in PPARa knockout mice and have shown that male mice have evidence of growth hormone (GH) deficiency with lower total IGF-I concentrations and less IGFBP-3 ternary complex formation in the fasted state. 4 The male PPARa knockout mice also had evidence of IGFBP protease activity induced during refeeding. We speculated that this IGFBP proteolysis, by increasing IGF bioavailability, might be responsible for reduced GH bioactivity.
Normal mice have sex differences in the GH=IGF axis, with males having more regular GH pulses 5, 6 and higher IGF-I concentrations. 7 We have previously shown that male wild-type and PPARa knockout have a greater degree of hepatic insulin resistance than their female counterparts. 4 In humans insulin resistance is associated with elevated plasma leptin, 8, 9 which itself has direct effects on energy homeostasis, 10, 11 and has been implicated in the inverse relationship between adiposity and GH. 11 An interaction between PPARa and leptin has been documented. Although PPARa is predominantly expressed in liver, 1 leptin has been shown to upregulate the expression of adipocyte PPARa in vitro and in this way stimulate lipolysis.
Since the PPARa knockout mouse is prone to obesity and has impaired metabolic responses to fasting, we hypothesized that the secretion of leptin, an adipocytederived hormone which plays an important role in regulating food intake and energy expenditure, increases in these mice. We therefore determined leptin concentrations and the effect of nutritional status in male and female wild-type and PPARa knockout mice.
Methods

Animal studies
Age-and strain-matched wild-type and PPARa knockout mice were used, from breeding pairs provided by Prof Frank Gonzalez, NIH, Bethesda; 13 and with the approval of the Animal Ethics Committee of the Karolinska Institute. Animals were kept in identical light -dark cycles and given a standard laboratory chow diet (R36; Lactamen, Stockholm, Sweden) and water ad libitum. For experiments animals aged 13.9 AE 0.7 weeks were fasted overnight (16 -20 h ) and a subgroup was given free access to food for a further 4 h before sampling (refed). These groups were compared to ad libitum fed animals. There were 4 -11 animals in each experimental group. The IGF-I, insulin, IGFBP-1, IGFBP-3 ternary complex formation and IGFBP protease activity have been reported in these groups in a previous paper. 4 Preliminary experiments were undertaken to determine the mechanism of the changes observed. A group of female wild-type and PPARa knockout mice were administered GH, 1 U=kg body weight (Pharmacia, Stockholm Sweden), by daily intraperitoneal injection for 4 days before the experiment (n ¼ 3 in each group, 13.0 AE 1.1 weeks). In a separate experiment, using wild-type mice, the effect of insulin administration, 4 U=kg i.p. (Actrapid, Novo Nordisk, Denmark) on the refeeding response was determined in 14-week-old male and female animals (n ¼ 3 in each group). Trunk blood was collected on EDTA and the plasma frozen at À20 C until use.
Hormonal assays
Plasma leptin concentrations were measured by a mouse leptin RIA kit from Linco Research (St Charles, MO, USA). At 9.66 ng=ml intra-and interassay coefficients of variation were 5.0 and 3.8%, respectively. Total IGF-I was measured after acid-ethanol extraction and cryoprecipitation, by RIA using human des(1-3)IGF-I tracer.
14 The intra-and interassay coefficients of variation were 4 and 11%, respectively. Mouse IGFBP-l was measured by immunoassay, as previously described. 4 At 1 ng per assay well, the intra-and inter assay coefficients of variation were 6.1 and 9.3%, respectively. Plasma insulin concentrations were measured by a sensitive rat insulin RIA (Linco Research, St Charles, MO, USA). At 0.14 and 9.66 ng=ml within-assay variation is 5.5 and 5.0% and between-assay variation is 7.9 and 3.8%, respectively.
Statistical methods
Leptin, IGF-I, IGFBP-1 and insulin concentrations were logtransformed before statistical analysis. Comparisons between PPARa phenotype, nutritional status, gender and treatment were made by two-way or three-way analysis of variance (ANOVA), as appropriate, followed by an all pair-wise multiple comparison procedure (Tukey test, SigmaStat, Jandel Scientific Software, San Rafael, CA, USA).
Results
Circulating leptin concentrations are influenced by gender and PPARa in mice ( Figure 1A ). There is a normal gender difference in 14-week-old mice, with higher leptin concentrations in females than in males (P < 0.001). After PPARa knockout leptin levels increased in both males and females (P < 0.001), and the gender difference was preserved. After a 16 -20 h fast, there was no change in leptin concentrations compared to ad libitum feeding in gender-and PPARamatched animals. However refeeding for 4 h after the fasting period increased leptin in all groups to values greater than fasted and ad libitum fed levels (P < 0.001). The increase in leptin after refeeding was greater in the female PPARa knockout mice than in the other groups (P < 0.05).
In order to determine whether GH activity might influence the pattern of leptin responses, in a parallel experiment, Figure 1 (A) Effect of gender and feeding status on leptin concentrations in 14-week-old wild type (þ=þ) and PPARa knockout (À=À) mice. Plasma leptin was measured by radioimmunoassay in samples from male and female mice that had been ad libitum fed (closed bars), 16 h fasted (open bars) or fasted and refed for 4 h (hatched bars), as described in the Methods. Concentrations were higher in females than males (P < 0.001) and were increased following PPARa knockout (P < 0.001) and during refeeding (P < 0.001). *P < 0.05, greater effect of refeeding compared with the other groups. (B) Effect of daily GH injections on the leptin response to feeding in female mice. GH (1 U=kg), administered by daily intraperitoneal injection for 4 days, decreased leptin concentrations compared to the non-GH-treated females described above (P < 0.001). Results are expressed as mean AE s.e.m. for 3 -11 mice in each group, as indicated by the numbers on the bars. (Table 1) . Insulin levels increased and the concentrations of IGFBP-1, which are transcriptionally inhibited by insulin, 15 decreased after 4 days of GH treatment. IGFBP-1 concentrations were higher in PPARa knockout mice, as we have previously reported, 4 and this was true regardless of GH treatment. The leptin concentrations in the GH-treated mice are shown in Figure 1B . GH decreased leptin levels in both control and PPARa knockout female mice (P < 0.001), but the effect of PPARa knockout, to increase leptin concentrations, was preserved (P ¼ 0.006). The increase in leptin during refeeding was also preserved (P ¼ 0.013), however the exaggerated response to refeeding, seen in the PPARa knockout females, was abolished by GH treatment.
Leptin in PPAR-
Insulin may contribute to the normal leptin response to refeeding. 16 In our previous study, in both wild-type and PPARa knockout mice, the males were less insulin sensitive than female animals, with higher fasting and postprandial insulin concentrations. 4 PPARa knockout further increased insulin concentrations in both sexes. We went on therefore to test the hypothesis that female mice might be more able to respond to increases in insulin with an increase in leptin. We administered insulin in normal animals at the time of refeeding after a 16 h fast. Figure 2 shows that exogenous insulin did not change the leptin response to refeeding in male mice but induced a 2-fold increase in concentrations in female animals (P < 0.05).
Discussion
Leptin plays a central role in the adaptive response to fasting, with direct effects on energy homeostasis. 10, 11 It is thus not simply a satiety signal, altering food intake in response to the extent of adipose stores. It also interacts with other neuroendocrine signalling systems such as the GH axis and it has effects on the immune and reproductive systems. 10, 11, 17 PPARa is pivotal in lipid homeostasis and is also important in the adaptive response to fasting. 1 Its targeted disruption is associated with changes in insulin sensitivity and in the GH=IGF axis. 4 In this paper we have shown that ablation of PPARa increases circulating leptin concentrations and leads to an exaggerated leptin response to refeeding in female mice. This gender dimorphism was not seen when a small group of female mice were administered GH by intermittent injection.
In wild-type animals leptin concentrations increased with refeeding and were higher in females. Studies in vitro and in vivo would suggest that sex steroids are directly responsible for the gender difference, with a direct inhibitory effect of testosterone on leptin in humans 18, 19 and an increase in response to oestrogen in humans and rats. 20 Other researchers also show a higher leptin concentration in female mice, 21 however one study in rats has documented a reversal in the sexual dimorphism. 22 Leptin concentrations did not fall during this relatively shorting period of fasting, however we were able to demonstrate a rapid increase in concentrations within hours of refeeding, similar to that seen in other studies. 16,23 -26 Although there is a strong correlation between leptin and a IGF-I, IGFBP-1 and insulin were measured in plasma taken after a 16 h fast, using specific immunoassays as described in the Methods. The results are expressed as the mean AE s.e.m. Two-way ANOVA was carried out on log-transformed data. IGFBP-1 and insulin concentrations were each significantly greater in PPARaÀ=À compared with wild-type (þ=þ), P < 0.01. GH treatment increased plasma insulin, P < 0.05 and decreased IGFBP-1, P < 0.01. Figure 2 Effect of exogenous insulin on the leptin response to refeeding in normal mice. Plasma leptin was measured by radioimmunoassay in samples from male and female mice that had been 16 h fasted and then refed without (hatched bars) and with (shaded bars) a supplemental insulin injection (4 U=kg) as described in the Methods. Results are expressed as mean AE s.e.m. for 3 -5 mice in each group. Concentrations were higher in females than males (P < 0.001). *P < 0.05, compared with no insulin, within a gender group.
Leptin in PPAR-alpha knockout mice MS Lewitt and K Brismar adipose tissue mass, the changes in leptin expression and secretion during fasting and feeding are out of proportion to changes in fat mass. 10, 17 The short-term regulation of leptin by nutritional status may be mediated by changes in insulin secretion. Exogenous insulin increases leptin expression and secretion in vivo 16, 25, 27 and in vitro. 28 -30 Insulin resistance and hyperinsulinaemia are associated with elevated plasma leptin levels in humans. 8, 9 Increased leptin secretion is also seen in human GH-releasing hormone transgenic mice, which are characterised by insulin resistance. 31 We have found an increase in leptin concentration after PPARa knockout, a condition in which we have documented insulin resistance. 4 On a background of hyperleptinaemia and hyperinsulinaemia, we saw an exaggerated leptin response to refeeding in female PPARa knockout animals. We speculate that the degree of insulin resistance might be important in determining the gender difference. Our preliminary observation of impaired leptin responses to the administration of insulin during refeeding in normal male mice compared with the more insulin-sensitive normal female animals supports this hypothesis.
We have previously observed changes in IGF-I and IGFBPs in male PPARa knockout mice, which we speculated were due to gender differences in GH secretion and insulin sensitivity. 4 We therefore undertook a preliminary study to determine whether an increase in GH bioactivity in female animals might change the leptin response. Our preliminary finding that GH abolishes the gender dimorphism of leptin secretion provides further evidence that the GH=IGF axis may play a role in the PPARa knockout phenotype. Leptin has already been implicated in the inverse relationship between adiposity and GH. 11, 17 Leptin has been shown to prevent the fasting induced fall in GH in male rats 32 and to stimulate GH secretion via the down-regulation of neuropeptide Y. 33 Studies in vivo show that GH itself inhibits leptin indirectly 11 and there is some evidence that this is via changes in IGF-I. 34, 35 Our finding that GH inhibits leptin concentrations in the absence of a change in IGF-I concentrations suggests an alternative mechanism, perhaps by a change in insulin secretion or activity. The changes in circulating insulin and IGFBP-1, which is transcriptionally regulated by insulin, are consistent with a decrease in peripheral insulin sensitivity. Another possibility is an effect of GH on leptin sensitivity, since one study of profoundly GHdeficient rats has documented leptin resistance and hyperleptinaemia. 36 This effect of GH will need to be confirmed in a larger study and the mechanism of action determined.
What possible role is there for an increase in leptin in the PPARa knockout mouse? Leptin is known to inhibit lipogenesis and stimulate lipolysis. 37 It prevents torpor during fasting in mice. 38 It also has effects on glucose metabolism, increasing peripheral glucose uptake and oxidation 39 and increasing hepatic glycogen stores. 40, 41 Leptin itself inhibits insulin secretion in vitro.
11 Although in some studies in vitro leptin has been shown to impair the early steps of insulin action, 42 when leptin is administered in vivo there is an improvement in peripheral and hepatic insulin sensitivity 43, 44 and this may involve convergence or synergism between leptin-and insulin-signal transduction. 45 In this way one can speculate that an increase in leptin secretion when PPARa activity is reduced might be a useful consequence, to improve insulin sensitivity. Future studies will focus on the interactions between GH, leptin and PPARa and the role of insulin sensitivity and body composition in determining these interactions.
